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Abstract: 12 
Animals of all ages need to access essential food resources, either on their own or with the 13 
assistance of conspecifics.  Rapid physical and behavioural development is one strategy to 14 
help young animals reach adulthood. Specialized gum-feeding mammals exploit a food type 15 
that is relatively difficult to access and digest and must possess the appropriate adaptions to 16 
access large vertical substrates, i.e. tree trunks. Unlike other gum feeding mammals, the 17 
Javan slow loris (Nycticebus javanicus) lacks physical structures, such as keeled nails or 18 
claws, which animals commonly use to secure themselves to large vertical substrates. To 19 
understand how slow lorises of all ages exploit gum, we examined their vertical gouging 20 
posture, locomotor behaviour, habitat use during feeding, and their morphometric measures 21 
across three age classes (adult, sub-adult, juvenile). Using data collected in Cipaganti, Java, 22 
Indonesia between April 2012 and April 2016, we found that individuals of N. javanicus rely 23 
on their hand, foot, and limb morphology to maintain vertical gouging postures, in place of 24 
claws or keeled nails. Locomotor behaviour, position in tree, and tree DBH showed no 25 
significant difference across age classes while feeding. Juveniles were indistinguishable 26 
from adults and sub-adults in regards to limb proportion indices, lower leg length, hand span 27 
and foot span.  Some morphometric measures scaled isometrically e.g. arm length, but 28 
those highlighted during prolonged vertical postures scaled allometrically e.g. leg, hand, and 29 
foot measures. These findings suggest that the rapid behavioural and physical development 30 
of key features may act as an ontogenetic adaptation to facilitate access to a stable food 31 
resource at a young age. The Javan slow loris exemplifies the complex relationship that 32 
exists between an animal’s diet and the specializations that facilitate access to these food 33 
resources. 34 
35 
36 
Keyword: Exudativory, Gum, Ontogeny, Morphometrics, Strepsirrhine, Substrate Use, 37 
Habitat Use 38 
39 
Introduction 40 
Mammals that rely on specific food resources must also possess a suite of adaptations to 41 
facilitate the access and digestion of these food items. Behavioural and morphological 42 
specialisations associated with feeding ecology are notable among mammal species (De 43 
Muizon and Lange-Badre, 1997; Dierenfeld, 1982; Ercoli and Youlatos, 2016; Koyabu et al., 44 
2009; Ley et al., 2008; Naples, 1999; Ravosa et al., 2010; Tan, 1999). Mammals typically 45 
acquire needed feeding skills long before sexual maturity, allowing them to access vital 46 
resources before adulthood (Schuppli et al., 2012). One developmental strategy, rapid 47 
growth in infants, is a known adaptation to aid in reducing infant vulnerability and to help 48 
them surpass the ‘’juvenile bottleneck’’, a period in which the mortality rate for juveniles is 49 
higher than that of adults (Case, 1978; Williams, 1966; Yonger and Heard-Booth 2016). 50 
Specialised gummivory is only seen in a small number of Australian marsupials and primates 51 
(Irlbeck and Hume, 2003; Viguier, 2004). These animals have evolved morphological traits 52 
and behavioural specializations to access and digest gums (Cabana et al., 2017a; Nash, 53 
1986; Smith, 2010).   P-linked polysaccharides, such as gums, require specific microbes for 54 
fermentation (Booth and Henderson, 1963; Monke, 1941; Power and Myers, 2009). 55 
Mammals that eat gums enable fermentation through having a longer cecum and large 56 
intestine (Chivers and Hladik, 1980; Power and Myers, 2009; Smith, 1982). In addition to 57 
digestive specializations, gummivory is often consistent with postcranial adaptations, 58 
including keeled nails or claws, which allow animals to climb and cling to large tree trunks 59 
and branches for extended periods, reducing the amounts of energy necessary during 60 
gouging (Kubota and Iwamoto, 1966).  Across gouging mammals, mandibular variation is 61 
associated with the percentage of gum in a species’ diet (Viguier, 2004). Gougers use 62 
specialized dentition to damage a tree’s bark to elicit gum production and flow (Petter, 1978). 63 
In strepsirrhine primates, this adaptation takes the form of a specialised toothcomb used to 64 
elicit flow of or to scrape gum. 65 
Charles-Dominique (1977) proposed that gums were inaccessible to mammals that lacked 66 
claws or modified nails. A number of primates consume gum and lack these features, 67 
including lesser galagos (Galago senegalensis) mouse lemurs (Microcebus spp.), and the 68 
slow lorises of Asia (Nycticebus spp.). Despite lacking claws or modified nails, Nekaris 69 
(2014) noted that Nycticebus spp. are ‘’true gougers’’ characterised by stout mandibles, U-70 
shaped hind limbs, and camouflaged fur that allow them to specialize on exudates up to 71 
97.5% their feeding time (c.f. Swapna et al., 2010). Nycticebus spp. possess a specialised 72 
toothcomb and a reduced last lower molar compared to Loris spp. further supporting their 73 
distinction as obligatory gougers (Burrows et al. 2015). In order to cling to trees in the 74 
absence of specialized nails or claws, they possess a host of characteristics, including a firm 75 
grip, reduced second digit, and a vascular artery bundle that lowers the temperature of their 76 
limbs called the retia mirabilia, enabling them to maintain long-duration static postures 77 
necessary for gouging gum (Ishida et al., 1992; Kingston et al., 2010; Nekaris, 2014). 78 
Despite a general lack of research regarding Nycticebus ontogeny in the wild, the consensus 79 
is that for an animal of its size, Nycticebus has a long gestation period (6 months) and 80 
delayed dispersal (~ 16 months) (Izard et al., 1988; Nekaris, 2014; Zimmermann, 1989). The 81 
period between these developmental milestones is poorly understood and previous reports 82 
on this topic offer varying results on the emergence of key behaviours (Ehrlich and 83 
Macbride, 1989; Fitch-Snyder and Ehrlich, 2003; Rasmussen, 1986; Zimmerman, 1989). 84 
This variation is attributed to variable captive conditions and small samples sizes. In 85 
captivity, infants were first observed consuming solid foods at ~40 days (Zimmerman, 1989) 86 
and in the wild Wiens and Zitzmann (2003) observed the solid feeding behaviour of an eight-87 
week old infant. In regards to exudates, individuals as young as three months elicit gums 88 
from tree trunks (Nekaris, 2014). 89 
Until now, there has been no exploration of either the behavioural repertoire used to access 90 
tree gums or the ontogenetic development of these behaviours. Here, we aim to explore the 91 
mechanisms used by the Javan slow loris to access gum from the juvenile period to 92 
adulthood. We address three research questions:1) What physical adaptations facilitate the 93 
prolonged vertical postures needed to access tree trunks? 2) Do Javan slow lorises display 94 
any ontogenetic variation in their locomotor behaviour and habitat use during feeding? 3) 95 
What, if any, are the morphometric differences across age classes and do they influence 96 
locomotor behaviour or habitat use? Following these question we hypothesise that young 97 
Javan slow lorises will quickly attain the necessary physical and behavioural competence to 98 
gouge trees, as gum is a key component of their wild diet (Cabana et al., 2017b). In 99 
accordance with this hypothesis, we also predict that there will be little to no difference in 100 
habitat utilization, as defined by their position in tree, and the diameter at breast height 101 
(DBH) of feeding trees. 102 
Methods 103 
Study site: 104 
We collected data from April 2012-April 2016 as part of an on-going project in Cipaganti, 105 
West Java, Indonesia (S7°6’6” 7°7’ & E107°46’ 107°46’5”). The field site lies at the 106 
unprotected base of the mountain Gunung Puntang, which is a part of the Java-Bali Montane 107 
Rain Forests ecoregion. The area between the adjacent village and the protected forest is 108 
primarily patches of cultivated land, bamboo, and shrubs.  The primary gum-producing tree 109 
species consumed in the area is green wattle (Acacia decurrens), with this species 110 
comprising 38-60% of the population’s diet and 62-84% of all exudates consumed 111 
depending on the time of year (Cabana et al., 2017b). The area where we conducted nightly 112 
observations encompasses 50 ha with elevations varying between 900-2000 m asl. 113 
Radio collaring, aging, measuring and weighing: 114 
Following a protocol approved by the Animal Ethics Subcommittee at Oxford Brookes 115 
University, experienced team members handled non-anesthetized individuals. The radio 116 
collars (BioTrack, UK) weighed 17 g, which is on average less than 2% of the body weight of 117 
an adult Javan slow loris and less than 4% of an immature Javan slow loris. Using a 2.5 kg 118 
spring (Pesola, Canada) and a clean cloth bag, we weighed individuals either annually or 119 
every three months. Using digital callipers and soft measuring tape, KAI Nekaris measured 120 
the total body length, hand and foot span, upper arm, lower arm, upper leg, lower leg length, 121 
head width, and head length, for each individual (Nekaris and Jaffe, 2007).  We assessed 122 
age classes for 58 individuals including 54 of the Javan slow lorises included in our nightly 123 
observations. We determined ages either from observing the animal from birth or using body 124 
size, pelage characteristics, and proximity to mother (Rode-Margono et al., 2014), but are 125 
reaffirmed here using morphometric data, including calculated limb proportion indices 126 
(Intermembral, Humerofemeral, Brachial, and Crural: Fleagle, 2013) and the whole arm and 127 
leg length in relation to total body length. Approximately, infants are less than 12 weeks old, 128 
juveniles are between 12 weeks and 9 months old, sub-adults are between 9 months and 16 129 
months old, and adults are older than 16 months. 130 
Nightly observations: 131 
We engaged in nightly observations over two shifts between 18:00 to 00:00 and 00:00 to 132 
05:00 (Wiens and Zitzmann, 2003), totaling 29,204 observation points for 54 individuals. We 133 
recorded data using instantaneous sampling with 15-minute intervals and ad libitum notes 134 
following Altman (1974) and Nekaris (2001). At each sample point we recorded the 135 
behaviour (alert, feed, forage, freeze, groom, rest, sleep, social, travel, other) 136 
locomotor/postural mode (Table 1 and Figure 1), position in tree (central, crown, periphery, 137 
terrestrial, trunk, undergrowth), and DBH (in cm).  During each shift we followed one slow 138 
loris, unless other animals were within the vicinity of the collared focal, in which case we 139 
used instantaneous scan sampling. We tracked individuals using an antenna (Yagi, Biotrack, 140 
UK) and receiver (Sika, Biotrack, UK). 141 
Data analyses: 142 
Using SPSS version 22 and R 3.3.3, we calculated the mean and standard deviation of 143 
observed points in each of the above variables. To test for significant differences across the 144 
age classes in locomotor behaviour, habitat utilization, and the morphometric measures we 145 
used the nonparametric Kruskal-Wallis and Mann-Whitney U test with significance set at p < 146 
0.05. We applied the Bonferroni correction to the post-hoc comparisons following significant 147 
results from the Kruskal-Wallis test, changing significance to p < 0.016. We used a 148 
Canonical variate analysis (CVA) to identify the morphometric variables that are most 149 
different between the age classes (Dytham, 2011). We ran four General Linear Models 150 
(GLM), in which we individually tested the proportion of time spent engaging in locomotor 151 
modes Vertical Suspension 3 Up/Down and Vertical Suspension 4 Up/Down as response 152 
variables. In each model, we tested eight morphometric measures as covariates.  A test of 153 
multicollinearity using Spearman’s rho test of the eight morphometric measures produced no 154 
collinearity coefficients greater than 0.90 (Field, 2013).  Each response variable underwent a 155 
log10 transformation for normality. To look at the differential growth patterns of the reported 156 
morphometric measures, we calculated the allometry coefficient (slope) using least-square 157 
(LS) regression for each log transformed measure against the log-transformed body weight 158 
(Lawler, 2006). 159 
Results 160 
Vertical gouging posture: 161 
While feeding and foraging specifically on tree trunks, Javan slow lorises of all age classes 162 
used either an upward or downward facing vertical posture. Animals had either three or four 163 
limbs in contact with the substrate, while feeding but we never observed them on tree trunks 164 
with only two limbs in contact with the substrate. When gripping the substrate, slow lorises 165 
pressed their distal phalanges into the surface of the substrate; the joint between the midline 166 
and proximal phalanges was bent. The pollex was perpendicular to the other digits and is 167 
similarly pressed into the surface. Both feet were used in a reversed position, where the 168 
hallux was adducted along the substrate, while the other four digits were parallel to one 169 
another. On larger substrates, arms were fully extended, but on smaller trunks, arms may be 170 
flexed at the elbow. The hind limbs were flexed and depending on the size of the substrate 171 
we observed varying degrees of abduction, as they wrapped around the substrate. Together 172 
with the reversed foot position, the flexed and abducted hind limb created a U-shaped 173 
appearance (Figure 2). 174 
175 
176 
Locomotor behaviour during feeding: 177 
During all feeding bouts including those involving non-gum items the Javan slow loris 178 
displayed a wide range of locomotor and postural modes in equal measure across all three-179 
age classes (Table 1). Vertical suspension 2 (H= 14.1, df= 2, p= 0.001) and horizontal 180 
suspension 3 (H= 11.31, df= 2, p= 0.003) were the only postures that statistically differed, 181 
where juveniles and sub-adults display these postures less than adults or not at all. In 182 
juveniles three postures in particular made up 57.6% of their repertoire, stand (20.7%), 183 
vertical suspension 4 up (15.6%), and vertical suspension 4 down (15.8%) The most used 184 
postural modes used in sub-adults were both vertical suspension 4 up (24.8+ 4.2 %) and 185 
down (16.8+13.7%). Vertical suspension 3 up and down was rarely observed in adults and 186 
sub-adults (adults: 1.3+1.0% sub-adults: 3.9+0.8%) and was absent in juveniles. The 187 
locomotor modes employed across all behaviours show statistically significant differences in 188 
more modes compared to the locomotor behaviours during feeding alone (Table 1). These 189 
differences appear in walk (H =9.09, df =2, p= 0.011), bridge (H= 19.83, df= 2, p= 0.001), 190 
vertical suspension 2 (H= 17.34, df= 2, p<0.0001), and horizontal suspension 3 (H=26.05, 191 
df= 2, p< 0.0001) 192 
193 
Habitat utilization during feeding: 194 
Table 2 presents the mean and standard deviation for each tree position variable in adults, 195 
sub-adults, and juvenile Javan slow lorises. None of the measured variables while feeding 196 
provided any significant differences. We observed the following trends in the age specific 197 
distribution of tree and environment locations during feeding; in adults feeding took place at 198 
the centre of the tree canopy (30.7 + 17.5%), the crown (17.9 + 20.9), trunk (17.4 + 11.4%), 199 
and periphery (17.1 + 9.7%), with the remaining locations used less that 1% of the time. 200 
Juveniles spent most of their time in the periphery (32.5 + 22.1%), then the centre (32.0 + 201 
16.7%) and finally the trunk (21.7 + 14.1%). We found no significant difference in the mean 202 
DBH of the trees used by adults (38.0 + 16.9 cm), sub –adults (34.9 + 14.0 cm), and 203 
juveniles (37.6 + 16.7cm). 204 
Morphometric measures: 205 
We observed significant differences in five measures, body mass (H = 38.3, df =2, p< 206 
0.0001), total body length (H = 9.2, df =2, p= 0.010), head length (H = 8.8, df = 2, p= 0.012), 207 
upper arm length (H = 8.6, df =2, p=0.013), and lower arm length (H = 11.0, df =2, p< 208 
0.0001) Table 3 displays the mean, N number of measurements, and standard deviation for 209 
each morphometric measure for each age class. The juveniles had the smallest mean body 210 
mass (609.7.6 + 121.4 g), followed by the sub-adults (819.39 + 38.5 g), then adults (907.2 +211 
72 g). In contrast to the upper and lower arm lengths, which were lower in juveniles, the 212 
upper and lower leg lengths showed very little difference across and within age classes. 213 
Head length, head width, hand span, foot span, the proportional indices, both arm/body 214 
length and hindlimb/body length (Figure 3) showed no substantial variations. The two 215 
canonical axes identified by the Canonical discriminant analysis (CVA) accounted for 89.2% 216 
and 10.8% of age class variation (Wilk’s λ = 0.235, p <0.0001) (Figure 4). Body weight 217 
contributed the main discrimination along the first axis and total body length was the second. 218 
Overall, age classes were correctly classified 90% of the time, 95.6% for Adults, 50% for 219 
Sub-adults, 100% for Juveniles. The results of the GLMs showed that none of the 220 
morphometric measures had predictive power for the response variables, proportion of time 221 
spent in vertical suspension 4 up/down or vertical suspension 3 up/down. The growth 222 
allometries provided by LS regression for head length, head width, hand span, foot span, 223 
upper arm, lower arm, upper leg and lower leg are presented in Figure 5. Footspan (0.03), 224 
handspan (0.07), and upper leg (0.06) had the lowest coefficients; upper arm (0.23), lower 225 
leg (0.18), and head length (0.17) were the highest. 226 
227 
228 
Discussion 229 
We observed that Javan slow lorises rely on their hand, foot, and limb morphology in place 230 
of specialized nails or claws to maintain vertical postures on large tree trunks. In relation to 231 
this important feeding adaptation, young animals obtain adult body proportions and gain 232 
locomotor and postural competence by three months of age. Some variables such as arm 233 
measures scaled isometrically, while leg, hand, and feet measures scaled allometrically and 234 
thus were relatively larger in juveniles. The age classes showed little difference in habitat 235 
utilization, and the general morphometric measures were not determinants of the proportion 236 
of vertical postural modes. Feeding on gums and exudates in slow lorises is reflected to 237 
some extent in their pelage, life history, mandible morphology, and social behaviour (Nekaris 238 
et al., 2010). In conjunction with all of the physiological, morphological, and behavioural 239 
adaptations that facilitate gouging and exudate consumption in Javan slow lorises, data 240 
presented here suggest an ontogenetic adaptation as well. 241 
Vertical gouging posture: 242 
Javan slow lorises across all age classes used their hands, feet, and limbs to maintain 243 
vertical postures on large tree trunks. Mammals that lack specializations like claws or suction 244 
cups such as Javan slow lorises can only grasp large vertical substrates if they can exert 245 
enough force on the surface through adducting limbs inwards (Cartmill, 1979). To thwart 246 
gravity these animals must rely on a static friction grip, which is maintained through the 247 
interaction of their volar pads, the substrate surface, and the normal component of frictional 248 
force created from pressing against the substrate (Johnson, 2015). Considered unique 249 
among primates for their locomotor and physical characteristics (Ishida et al., 1992; Sellers, 250 
1996), Javan slow lorises may also use aspects of these features to create the needed force 251 
to uphold vertical postures on tree trunks; to confirm this notion further studies on the force 252 
of the Nycticebus grip in a controlled setting is required. 253 
Although we did not record specific grasping behaviours in this study, it is clear during our 254 
live observations and through photos that as stated by Gebo (1985) Nycticebus spp. use a I-255 
V grasp, while engaging with substrates, which uses the flexing force of the hallux to oppose 256 
the flexing force of the four laterally placed digits. Gebo (2011) later revisited vertical clinging 257 
and leaping, detailing the morphological features present in strepsirrhines that inherently 258 
facilitate access to vertical substrates, noting that strepsirrhines evolved modified upper 259 
ankle joints to improve foot abduction and lateral rotation, which ultimately improves their 260 
ability to utilize vertical substrates. Though Gebo (2011) stated that only indriids, lepilemurs, 261 
galagos, and to some extent gentle lemurs, could be considered vertical clingers; Javan slow 262 
lorises, generally regarded only as a slow climber, possess many of the same morphological 263 
modifications as vertical clingers. Our data showed that vertically clinging is one of their most 264 
common postures in the wild. 265 
Locomotor behaviour and habitat utilization during feeding: 266 
While feeding, Javan slow lorises display adult-like locomotor and postural competence 267 
during development, only displaying two significantly different locomotor modes among 268 
adults, sub-adults, and juveniles. The increased number of significant differences seen 269 
across all behaviours contrasts the low level of difference seen during feeding, highlighting 270 
the importance of locomotor and postural competence to access certain food resources. 271 
Knowing that gums elicited from trees can make up as much as 97.5% of the Nycticebus 272 
feeding time (Swapna et al., 2010), it is not surprising that juveniles and adults use tree 273 
trunks in equal measure during feeding bouts. Typically used on smaller sized trunks and 274 
branches while individuals begin to bridge from one substrate to the next, Vertical 275 
Suspension 2 is virtually unobserved in juveniles. Bridging, which is associated with Vertical 276 
Suspension 2 requires individuals to maintain their balance and quickly re-establish stability 277 
once they cross a gap (Ishida et al. 1992). Horizontal Suspension 3 again is a rarely seen 278 
mode, but is associated with grabbing insects during Suspensory Walk and is typically 279 
classified as Suspensory Walk instead of Horizontal Suspension 3, because it can be difficult 280 
to see the fast moving hand of slow lorises while they grasp insects in the wild (Streicher et 281 
al. 2012). 282 
In contrast, the ontogenetic differences seen in locomotor modes across all behaviours 283 
suggest that indeed there are some physical or behavioural differences that prevent juvenile 284 
Javan slow lorises from fully mirroring adults within the same environment.  Researchers 285 
working on ontogeny and positional behaviour, cite exploratory behaviour, changing 286 
musculoskeletal systems and varying environmental pressures as explanations for 287 
significant differences in locomotor behaviour between juveniles and adults (Workman and 288 
Covert 2005; Bezanson 2009; Dunham 2015). The morphometric scaling reported in this 289 
study highlights how vertical clinging and gum feeding are essential aspects of Javan slow 290 
loris survival and allows juveniles to access tree trunks the way adults do. 291 
292 
 Morphometric measures: 293 
The basic morphometric differences among adult, sub-adult, and juvenile Javan slow lorises 294 
were limited to their body mass, total body length, arm length, and head length.  The mean 295 
body mass in juveniles was almost two-thirds of the mean in adults, with sub-adults nearly 296 
100 g less than the adults. Within juveniles we found a wide range of variation, evident in the 297 
high standard deviation. The ontogenetic difference in body mass, which is a proposed 298 
influential factor for locomotion and substrate selection (Fleagle and Mittermeier 1980; 299 
Hurov, 1991), did not have an effect on the observed individuals’ ability to secure necessary 300 
resources successfully. These data further support the assertion by Preushoft et al. (1998) 301 
that strepsirrhines and tarsiers show no apparent correlation between body size and 302 
preferred locomotor mode, due to their limited absolute body size variation. 303 
Similar to previous studies on young mammal individuals compared to adult conspecifics, 304 
young Javan slow lorises had a hand and foot span comparable to both adults and sub-305 
adults, while maintaining a relatively smaller body size. This relationship is a mechanism to 306 
improve stability in arboreal environments (Jungers and Fleagle, 1980; Lammers and 307 
German, 2002; Young, 2009); we also note that both hands and feet are key proponents in 308 
vertical clinging. As we predicted, young Javan slow lorises quickly attain the necessary 309 
physical and behavioural competence to vertically cling and gouge trees. These findings are 310 
supported by the fact that Javan slow lorises possess what Martin (1975) believed to be a 311 
vital gouging tool, their toothcomb, at a young age. Reports on slow loris dental eruption 312 
vary, where some report that they are either born with a full set of teeth (Pournelle, 1955), 313 
complete their adult dentition as early as a six months (Smith et al., 1994), or no later than 314 
nine months (Hill, 1937). Martin (1975) thought that access to gums was the main 315 
evolutionary purpose of the toothcomb and that grooming developed secondarily.  To 316 
reinforce these findings we would need to look at the ontogenetic trajectory in a broader 317 
phylogenetic context, comparing various primate species. 318 
Focused on the results presented here we suggest that more primates could be adapted to 319 
utilize rapid growth to reduce infant vulnerability. This notion is supported by the rapid 320 
physical competence during feeding observed in this study, and suggestions from other 321 
researchers of dissociation among life history traits, including body mass, brain size, age of 322 
maturation, and ontogenetic positional patterns (Bezanson, 2009; Godfrey et al., 2001; 323 
Leigh, 2004; Pereira and Leigh, 2003). Acquiring adult-like physical features and behaviours 324 
is present in other animals that share the same behavioural and physiological traits as Javan 325 
slow lorises, including nocturnality (Aotus), low basal metabolic rate (Tarsius), slow 326 
quadrupedal climbing (Choloepus) and neonate parking (Varecia) (Dixson and Fleming, 327 
1981; Pereira, 1987; Roberts, 1994; Veselovsky, 1966). Leigh (1994) found that compared 328 
to frugivorous anthropoids, folivorous anthropoids attained adult body size at an earlier age. 329 
She suggested a number of factors that would lead to this difference, focusing on diet type 330 
and the varying risks each group faces to retrieve food resources. Like foliage, exudates are 331 
considered to be a more stable food resource compared to fruits, which may account for the 332 
ontogenetic similarity between folivorous anthropoids, pilosans and Javan slow lorises. In 333 
primates, the influence of ontongeny on locomotor behaviour and habitat utilization varies 334 
from species to species. Despite differences in body size and age, a number of primate 335 
species employ various locomotor and postural modes in equal measure (Lawler 2006; 336 
Bezanson 2009; Doran 1992, 1997; Thrope and Crompton 2005; Zhu et al., 2014; Wells and 337 
Turnquist 2001). 338 
339 
We have yet to understand the origin and potential impact that tree gouging and gum 340 
feeding may have had on the development and evolution of Nycticebus species. Burrows et 341 
al. (2015) noted that it is unlikely that tree-gouging existed in the last common ancestor of 342 
Lorisiformes, but that it evolved multiple times following the split of Lorisidae and Galagidae. 343 
If exudativory evolved independently multiple times, the varying adaptations seen in how 344 
species elicit gums or access tree trunks is representative of their individual lineages and the 345 
specific environmental pressures at the time exudativory emerged. As a non-leaping and 346 
cryptic primate, Javan slow lorises have seemingly modified their limb, hand, and foot 347 
morphologies to facilitate access to vertical substrates. Having highlighted the importance of 348 
physical competence to access gums, Javan slow lorises may limit the period of time where 349 
these specializations are out of reach, to increase the likelihood that offspring reach sexual 350 
maturity, surpassing the ‘’juvenile bottleneck’’. 351 
In the present study we focused on the gum feeding diet of Javan slow lorises and the 352 
potential ontogenetic adaptions used to facilitate it, but this case only exemplifies the 353 
complex relationship between feeding ecology and the specialized adaptations that evolved 354 
to enable it.  Across all mammal species, unique adaptations emerge to increase the 355 
likelihood of survival, including reducing predation risks or maternal energetic expenditure. 356 
Gaining adult-like body proportions is yet another of many strategies used to achieve this 357 
goal. 358 
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604 
Table 1. Locomotor/postural mode definitions for wild Javan slow lorises in Cipiganti West Java. 605 
Figure 1 presents images of modes a-o.  606 
607 
608 
609 
610 
611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 
Locomotor Mode Definition 
Sit (a) Remain stationary with body hunched and head erect 
Stand (b) Remain stationary in upright position using all four limbs 
Horizontal Suspension-2 (c) Hanging from two feet 
Horizontal Suspension-1 (d) Hanging from one foot (rare but can occur when playing) 
Horizontal Suspension-3 (f) Hanging from three feet 
Sleeping Ball (e)  Remain stationary with body hunched and head erect, head between the knees 
Horizontal Suspension-4 (g) Hanging from four feet 
Vertical Suspension-2 (h) Hanging towards the side of a support, with 2 feet 
Vertical Suspension-3 Up 
Vertical Suspension-3 Down 
Hanging towards the side of a support, with 3 feet, either facing upwards or 
downwards(not pictured in Figure 1) 
Vertical Suspension-4 Up 
Vertical Suspension-4 Down (i) 
Hanging towards the side of a support, with 4 feet, either facing upwards or 
downwards 
Climb Horizontally (j) Moving horizontally through 90 or +/- 45 degree support 
Walk (k) Quadrupedal walking on support 
Suspensory Walk (l) Locomoting while hanging from 0 degree or +/- 45 degree support 
Climb Up (m) Moving upwards on support 
Climb Down (n) Moving downwards on support 
Bridge (o) Climbing from one support to the next, stretching over a gap of more than 15 cm 
 623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640 Table 2. Proportion of locomotor and postural modes used while feeding and across all behaviours in wild 641 Javan slow lorises.  Proportions are presented as the mean and standard deviation (SD), with the number 642 of included individuals listed at the top (N). 643  644 
Locomotor/Postural Modes    
 645 
 646 
 647 
 648 
 649 
Feeding Adult (22) Sub-adult (5) Juvenile (9) 
 Mean SD Mean SD Mean SD 
Stand 20.3 11.9 10.2 7.3 20.7 17.7 
Vertical Suspension 4 Up 14.4 9.6 24.8 4.2 15.7 22.5 
Vertical Suspension 4 Down 11.0 6.5 16.8 13.7 21.3 19.4 
Vertical Suspension 2** 9.2 10.4 6.8 4.0 0.2 0.7 
Sit 8.6 9.8 6.4 2.9 6.2 11.5 
Horizontal suspension 4 8.2 5.5 8.8 6.0 6.0 10.4 
Horizontal Suspension 2 6.5 6.2 7.8 11.8 1.2 3.3 
Climb Down 3.9 3.5 2.8 3.7 9.0 22.0 
Bridge 3.5 3.8 2.4 3.6 4.4 13.3 
Climb Up 2.9 2.6 5.0 4.0 1.6 3.1 
Horizontal Suspension 1 2.8 4.8 0.2 0.4 0.8 2.0 
Horizontal Suspension 3* 2.4 2.6 0.4 0.9 - - 
Suspensory Walk 1.5 2.2 1.6 3.6 0.1 0.3 
Vertical Suspension 3 Up 1.4 2.1 3.2 4.4 5.6 16.7 
Walk 1.3 2.0 1.4 1.9 0.2 0.7 
Vertical Suspension 3 Down 1.1 3.0 0.6 1.3 - - 
Climb Horizontal 1.0 1.9 - - 0.8 2.0 
Horizontal Position 1.0 3.1 0.8 1.8 6.7 20.0 
       
All Behaviours Adult (24) Sub-adult (7) Juvenile (23) 
Sit 20.7 6.9 14.0 16.6 16.2 15.7 
Climb Down 15.5 5.7 12.0 8.4 20.7 23.5 
Climb Up 11.5 5.7 11.2 8.7 15.8 13.6 
Stand 9.2 9.6 3.2 2.3 12.6 22.2 
Walk* 8.3 4.7 18.9 36.0 8.1 20.7 
Sleeping Ball*** 6.8 5.7 0.8 1.0 1.2 3.1 
Climb Horizontal 4.6 2.3 4.5 3.6 5.0 5.9 
Vertical Suspension 4 up 4.3 2.4 4.7 4.4 3.8 5.4 
Horizontal suspension 4 3.8 2.2 2.9 2.3 2.5 4.4 
Bridge** 3.1 1.4 2.0 2.1 1.3 2.4 
Suspensory Walk 2.8 1.8 2.2 2.8 1.2 4.2 
Vertical suspension 4 down 2.6 1.5 17.7 36.4 3.1 4.8 
Horizontal suspension 2 1.5 1.3 2.5 3.7 1.5 3.3 
Vertical suspension 2*** 1.3 1.9 0.8 1.2 0.5 2.1 
Horizontal suspension 1* 1.0 1.3 0.9 2.3 0.5 1.0 
Horizontal suspension 3*** 0.7 0.6 0.4 0.6 0.1 0.4 
Race walk 0.5 0.7 0.5 0.6 4.5 20.8 
Play hang 0.2 0.5 0.0 0.0 0.0 0.0 
Vertical suspension 3 up 0.2 0.2 0.6 0.9 0.7 2.5 
Vertical suspension 3 down 0.1 0.2 0.2 0.3 0.4 1.5 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
 671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
Significant p-values are denoted with a (*),*< 0.01, ** < 0.001, *** < 0.0001. 688 
 689 
 690  691  692 
Table 3. Mean, N and standard deviation (SD) of wild Javan slow lorises habitat use variable 693 
described as Position in Tree. 694 
 695 
 696 
 697 
 698 
 699 
 700 
 701 
 702 
 703 
 704 
Position in Tree Adult (16) Juvenile (6) 
 Mean SD Mean SD 
Central 30.6 17.6 32.0 16.7 
Crown 18.0 21.0 13.0 6.9 
Trunk 17.4 11.4 21.7 14.1 
Periphery 17.1 9.8 32.5 22.1 
Undergrowth 0.8 1.0 1.0 2.4 
Terrestrial 0.1 0.3 - - 
 705 
 706 
 707 
 708 
Table 4. Morphometric measures of wild Javan slow lorises, results include the mean weight in grams 709 
(g) and length in millimeters (mm), the number of individuals measured (N) and the standard deviation 710 
(SD). 711 
 712 
 Adult  Sub-adult  Juvenile 
 Mean SD N  Mean SD N  Mean SD N 
Body Weight *** 907.2 72.0 32  819.3 38.5 12  609.7 121.4 14 
Total Body Length* 244.4 32.1 29  250.8 11.2 10  252.4 40.5 11 
Head Width 51.5 9.2 30  47.8 5.2 12  45.6 15.8 12 
Head length*  54.7 11.2 29  50.7 5.5 12  38.5 20.4 12 
Foot Span 73.3 6.0 28  72.9 7.3 11  71.4 9.8 10 
Hand Span 59.0 6.7 29  57.8 5.3 10  57.4 5.1 10 
Lower Leg Length 87.9 10.9 29  84.5 5.8 12  81.3 8.0 11 
Upper Leg Length 83.7 9.6 28  81.7 5.4 12  79.4 9.4 11 
Lower Arm Length* 75.0 4.2 30  73.1 5.0 12  64.4 16.0 12 
Upper Arm Length* 79.4 5.9 30  74.6 6.8 12  72.3 9.1 11 
Significant p-values are denoted with a (*),*< 0.01, ** < 0.001, *** < 0.0001. 713 
 714 
  715 
 716 
Figure 1. Locomotor behaviour and substrate size ethogram, a-o are defined in table 1. p: 717 
Small Substrate, loris can fully grip the branch, less than 20 mm diameter q: Medium 718 
Substrate, hand of the loris can curve around the branch, greater than 20 mm and less than 719 
100 mm in diameter r: Large Substrate, hand is flat on the branch/trunk, greater than 100 720 
mm in diameter. Drawings by Mark Rademaker. 721 
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 726 
 727 
 728 
 729 
Figure 2. Images of three Javan slow lorises in vertical postures on large substrates. Photos 730 
taken at the LFP field station.  731 
 732 
 733 
 734 
 735 
Figure 3.  Proportion indices, forelimb/total body length and hindlimb/ total body length 736 
calculated from the limb measurements taken from NA = 30, NSA= 11, NJ= 8. Error bars 737 
represent standard error.  738 
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Figure 4. Canonical variate analysis (CVA) calculated with eight morphometric measures and three 750 
age class identifiers (Adult, Sub-adult, and Juvenile) (Wilk’s λ = 0.235, p <0.0001). Crosses indicate 751 
the centroid of each group that defined the canonical component axes for Can1 and Can2, 752 
percentage represents the influence of the two functions in identifying group differences. 753 
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804     Figure 5. Bivariate plots of morphometric measures and body weight in Javan slow lorises. 
805 The generated least square regression formula is presented above each plot.  
806 
